This paper presents an inductive-power transfer (IPT) system with load-independent constant current (CC) and constant voltage (CV) charging characteristics for low power systems. An inductorcapacitor-capacitor series (LCC-S) compensation-based hybrid topology that can achieve both CC and CV charging with only one additional switch under zero-phase-angle conditions is proposed. Additionally, the CC/CV charging mode can be realized with two different fixed frequencies.
I. INTRODUCTION
Wireless-power-transfer (WPT) systems, which use no connection between the transmitter and the receiver, have the advantages of physical isolation, safety of operation, and reliability, and they ensure normal operation in harsh environments [1] - [3] . These systems have a wide range of applications, such as in EVs (electrical vehicles), drones, mobile phones, and medical implants [4] . Especially in low-power wireless charging applications, such as unmanned aerial vehicles (UAVs) [5] , electric bicycles [6] , [7] , and consumer electronics [8] , [9] , inductive power transfer (IPT) technology has become a research hotspot by virtue of its inherent advantages.
The output resistance of a battery changes significantly during the entire charging process [10] , [11] . Therefore, it is essential to design a stable controller to address The associate editor coordinating the review of this manuscript and approving it for publication was Sze Sing Lee . parameter changes. The most important method to address this issue is constant current (CC) and constant voltage (CV) charging. The CC/CV charging profile is shown in Fig. 1 . As shown in the figure, the battery charging current remains stable in the CC mode and decreases significantly in the CV mode, whereas the battery voltage increases rapidly in the CC mode and is stable in the CV mode. The following methods VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ can realize CC and CV charging: 1) Using a dc-dc converter on the primary side [10] and secondary side [12] . This method can easily achieve CC and CV charging by controlling the back-end converter. However, it needs additional components and increases the complexity of the system, while it introduces further power loss. 2) Changing the operating frequency. In [13] - [16] , a basic topology (SS, SP, PS, PP) can realize CC and CV outputs at two different frequencies.
However, this method cannot achieve a constant output and a zero-phase-angle (ZPA) simultaneously. Additionally, this approach suffers from bifurcation and control complexity.
In [17] , the CC/CV model was realized using two different frequencies in a double side inductor-capacitor-capacitor series (LCC-LCC) topology. The main drawbacks of this technique are an increased number of components and a complex control method. 3) Using hybrid topologies. In [18] , hybrid topologies with a load-independent CC or CV output were realized by hybrid topologies with a load-independent CC or CV output were realized by switching the series compensation into parallel compensation on the transmitter side. However, this technique requires the use of three switches and one inductor, it increases the component counts, losses, and complexity. To obtain the ZPA condition during the CC/CV charging process, a hybrid compensation tank with SS and PS or SP and PP was used in [19] ; however, additional switches were required to convert the topology. 4) Realization of the CC/CV mode by a control method. To fulfill the CC or CV output requirements under the ZPA condition, [2] introduced a novel method to achieve CC/CV charging with double inductor-capacitor-capacitor (LCC-LCC) topology with two independent operating frequencies. However, this approach is successful only when the self-inductance of the primary coil is equal to that of the secondary one. Phase shift control is another method applied to the full bridge inverter to adjust the CC/CV mode during load variation [20] . However, it is difficult to attain zero voltage switching (ZVS) under a light-load condition. Therefore, all of these methods have limitations. The common commutation modes between the primary and secondary sides in a WPT system are shown in Fig. 2 . Two communication methods are used in a WPT system: wireless communication type, and no communication type. All of the CC/CV charging methods mentioned earlier [1] - [20] require wireless communication (Wi-Fi, Bluetooth, Zigbee) between the primary and secondary sides. Communication may be interrupted owing to cross-technology interference or bad connectivity of the devices [21] .
In the communication-less type for WPT system, the output current and voltage are controlled by the primary-side parameters. In [22] , the output power was adjusted by the primary side signal acquisition. In [23] , the output power was regulated by the frequency droop controller on the primary side. In [24] , the CV model was realized for the inductorcapacitor-inductor (LCL) configuration by phase shift control on the primary side. All of these methods are focused on output regulation, and the CC/CV charging process is not analyzed in detail. The quadrature transformation algorithm and a proportional-integral (PI) controlled phase shift controller was proposed in [25] to realize CC/CV mode charging in the inductor-capacitor inductor-series (LCL-S) topology. However, the algorithm was too complicated to realize. Reference [26] proposed a primary-side control method with a weak commutation that can achieve both CC and CV mode charging. Although secondary-side electrical information can be estimated without line communication, the noise interface can be reduced using filters. However, if the mutual inductance information detected in the startup process is incorrect or the filters break down, the electrical information on the secondary side will not be collected properly.
In light of the above analysis, a topology and control method with the following characteristics is required: 1) No back-end dc-dc converter to control the battery voltage and current. 2) Simple structure of the resonant tank to decrease external power losses. 3) Nearly ZPA condition and soft switching operation during the entire charging process to attain low volt-ampere (VA) rating and low conduction loss of the switches. 4) Fixed resonance frequency in CC and CV charging to avoid bifurcation. In this paper, a novel resonant tank topology and CC/CV control method is proposed to meet the above requirements.
To simplify the controller design of an IPT system and avoid the drawbacks of conventional topologies and control methods, a CC/CV control method based on hybrid compensation topology with single switch is proposed for charging low-power wireless systems. Using detailed analysis of the LCC-S and parallel-series/parallel (PS/S) topology, the CC/CV charging mode can be achieved only by changing the operation frequency and adding an additional switch. This topology can realize ZPA operation with a fixed operating frequency and ZVS, achieving a low VA rating and improving efficiency. Additionally, the battery output voltage and current can be estimated by the acquisition of primary-side electrical information. Therefore, communication-less control can be attained between the primary and secondary sides. The effectiveness of the proposed topology is verified by simulations and an experiment using a 200-W prototype, and the maximum efficiency of the CC and CV modes is approximately 85% and 87%, respectively. 
II. HYBRID TOPOLOGY DESIGN
An overview of the IPT system is shown in Fig. 3 . In an IPT system, the basic requirement of the resonant network topology is to minimize the VA rating of the dc source. On the secondary side, the resonant network compensates the inductance of the secondary coil to increase the transfer capability.
Generally, the resonant network consists of two types of component: inductors and capacitors. LC and CL resonant networks are regularly used in IPT systems. Fig. 4 shows an LC resonant network, where the resonant angular frequency (ω LC ) is equal to the angular frequency of the ac voltage source and can be expressed as
According to Kirchhoff's law, the output current under the resonance condition is given by
where V LC is the input voltage of LC resonant network and I LC is the value of the output current. Based on (2), when the circuit operates in the resonance condition, the output current of the LC network in constant and independent of Z LC . Therefore, the LC resonant network shows a CC output characteristic. A CL resonant network is shown in Fig. 5 . The resonant angular frequency in a CL resonant tank is the same as that of an LC resonant tank: ω LC = ω CL . The output voltage under the resonance condition can be expressed as
where V CL is the output voltage of CL resonant network and I CL is the value of the input current. According to (3), the output voltage of the CL resonant tank is independent of the load variation.
A. REALIZATION OF CV MODE WITH THE ZPA CONDITION
Two well-known models are used in wireless power transfer systems: the M model and the T model. According to [27] , the mutual inductance model is appropriate for selfinductance compensation, and the T model is suitable for leakage inductance compensation. In the LCCL-S compensation topology, to satisfy the requirement of the resonance frequency being independent of the coupling coefficient (k), self-inductance compensation is required. In addition, the M model can derive the output characteristics because both sides can be analyzed independently. Consequently, the mutual inductance model meets the requirement of this study. The M model of the LCC-S compensation topology is shown in Fig. 6 . The resonant network has four components. L in and C p are the series compensation inductor and the parallel compensation capacitor, respectively, on the primary side. C f and C s are series compensation capacitors on the primary and secondary sides, respectively. V AB is the input voltage of the resonant network (output of the full bridge inverter) and V ab represents the output voltage of the resonant network (input voltage of the rectifier). I AB and I ab are the input and output currents of the resonant network. R ac is the ac equivalent resistance of the output resistance R o . L p and L S are the self-inductance of the primary and secondary coils, respectively, whereas M is the mutual inductance between the transmitter and the receiver; that is, M = k √ L P L S . From [27] , it can be derived that the LC resonant tank has a CC output characteristic under ZPA conditions. The LC series resonant tank can be regarded as one resistance under resonance conditions. Therefore, according to the duality principle, the LCC-S resonant network shows a load independent constant output voltage characteristic. When L in is resonant with C p and then L p , L in is resonant with C f , it means that the operating frequency is equal to the ZPA frequency, ω cv = 2πf cv , where f cv is the operating frequency in the CV mode. The angle frequency can be given by
To simplify the analysis, the model in Fig. 6 can be simplified to be the model shown in Fig. 7 . Z R is the reflection impedance of the secondary side.
According to [28] , the impedance of the secondary side Z S and the reflection impedance Z R can be derived as
The input impedance Z in and phase angle can be expressed as
When the operating frequency satisfies equation (4), the input impedance can be calculated as
To satisfy the ZPA condition, the imaginary part of equation (7) is equal to 0, which can be expressed as
To satisfy equation (8), the input inductor L in must be
It can be concluded that the ZPA condition can be satisfied by selecting the resonance parameter on the primary side to be as shown in Equation (9) .
Additionally, the impedance of the primary side can be obtained as
The output voltage and the voltage conversion ratio can be derived as It can be concluded that the output voltage is load independent at the resonant frequency(150kHz) during the load range (5 -60 ) and that ZPA can be achieved simultaneously. The input current of the resonant network can be expressed as
From formulas (11) and (12), it can be seen that the output of the rectifier can be calculated using the current and voltage of the full bridge inverter. From Fig. 8 , the system can be designed in the CV mode to be consistent with the ZPA condition. R o is the dc load resistance. In this study, R L is identical with the battery equivalent resistance because the load is the battery (R o = R Bat ). According to above analysis, the LCC compensation topology is widely used in WPT systems because it can easily attain ZPA for the input impedance and ZVS for the switches, exhibiting low reactive loss and high system efficiency.
The output current of the LCC-S topology is shown in Fig. 9 . In the range of operating frequencies used in this study (140-160 kHz), the output current is highest at the resonance frequency. The ZPA is lost when the operating frequency is far from the resonance point. Additionally, the output current decreases with increasing load resistance, which implies that the output power increases with decreasing load resistance.
B. REALIZATION OF CC MODE WITH THE ZPA CONDITION
By removing the input inductance L in from the LCC-S topology, it becomes the PS/S topology, as shown in Fig. 10 . According to the previous analysis, the LC series resonant tank can be regarded as one inductor and the CL resonant tank has a CV output. According to the duality principle, this implies that PS/S topology has CC output characteristic.
To simplify the calculation according to the model shown in Fig. 11 , the input impedance and phase angle can be expressed as
The equivalent impedance and current of the secondary side can be derived as
When the resonant network operates in the CC mode, I ab is independent of the output resistance R ac . Assuming that jωL P +1/jωC f = α, the input impedance can be expressed as
The output current of the resonant network can be given by
When α = 0, the real part of I ab can be written as
From (17), it can be concluded that the output current is load independent at the resonant frequency(136.5kHz) during the load range (5 -60 ), and the operating frequency is ω cc = 2πf cc , where f cc is the operating frequency in the CC mode. The angular frequency is ω 2 0 = ω 2 cc = 1/(L P C f ). The input resistance can be expressed as
Assuming that −ωL S +1/ωC S − ω 3 M 2 C P = β, Z in can be calculated as
To ensure that the ZPA condition is satisfied, the angle of the input impedance is maintained at 0. That is, Im(Z in ) = 0, which is equivalent to β = 0.
From [27] , it can be concluded that the ZPA can be achieved by tuning the value of C S , which can be derived as
Therefore, ZPA can be easily realized by selecting a suitable value of C S . When operating in the CC mode under the ZPA condition, the real part of Z in can be calculated by Z in = (ω 0 M ) 2 /R ac .
The transconductance gain of the PS/S topology can be expressed by
It can be derived that the CC output is independent of the output resistance. The output current of the full bridge inverter can be given by
The output voltage of the rectifier can be expressed as
From formulas (22) and (23), the output current and voltage of the rectifier can be calculated according to the input characteristics of the full bridge inverter. As shown in Fig. 12 , the PS/S compensation topology can easily achieve ZPA and ZVS simultaneously. Additionally, the output current is load-independent. Further, the operating frequencies in the CC and CV modes are different. The operating frequency in the CC mode is lower than that of the CV mode; therefore, the switching loss in the CC mode is lower than that in the CV mode. When operating in the CC mode under the ZPA condition, the real part of Z in can be calculated as Z in = (ωM ) 2 /R ac .
The voltage gain curve of the PS/S topology is shown in Fig. 13 . It can be concluded that the voltage gain ratio decreases with increasing operating frequency (133-143 kHz). The voltage conversion ratio and output power increase with decreasing load resistance.
The Cs value of the CC mode is calculated to be approximately equal to that of the CV mode. Therefore, to simplify the implementation of the controller and reduce cost, a unified resonance network is selected for the CC and CV modes, and the parameters are shown in Table 1 . 
III. PROPOSED CC-CV CONTROL METHOD
The overall system structure and control diagram are shown in Fig. 14. Q 1 -Q 4 are four MOSFETs on the side of the full bridge inverter; D 1 -D 4 are rectifier diodes; V in is the dc input voltage; V o and I o represent the output voltage and current, respectively; and R o is the output resistance. A low-cost relay is used as a switch to change the charging mode, because the switching time does not affect the performance of the battery charging system [29] . The midpoint voltage of the full bridge inverter U AB is expanded in a Fourier series, and U AB can be given by
where n is the number of harmonics, and ϕ is the phase angle. The quality factors of the compensation networks in a WPT system are relatively high. Thus, fundamental harmonic analysis can be utilized in the proposed system. In this case, because only the fundamental component is considered, n = 1. According to [29] , the inputs of the dc source and of the resonant network (rms value) components have the following relationship
The relationship of the input of the rectifier (rms value) and the output of battery bank can be given as [31] 
Therefore, the DC/AC and AC/DC relationship in terms of input side and output side of the overall system can be obtained from (25) and (26) . The ac equivalent resistance can be derived by the equation R ac = 8R o /π 2 , where the ac voltage and current are rms values.
In previous studies, the primary and secondary sides of the WPT system required wireless communications, such as Bluetooth, Wi-Fi, and ZigBee, which demand high transmission accuracy. Additionally, the cost of the system and the complexity of the controller also increased. The control method proposed here estimates the output electrical information by sampling the dc input voltage and current and then changes the operating frequency according to the value of the output voltage. When the output voltage is lower than the battery reference voltage, the controller operates in the CC mode. In this mode, switch S 1 is on and the operating frequency is equal to f cc . When the output voltage is equal to or greater than the battery reference voltage, the controller operates in the CV mode. At this time, switch S 1 is off and the operating frequency is equal to f cv . The charging process is finished when the output current reaches its minimum value. Therefore, without the need of control signals on the secondary side, the CC/CV output can be realized only by controlling the frequency of the primary side and the switching state of S 1 .
In the CC mode, the battery output voltage can be derived by combining the equations (23), (25) and (26) , and the output current in the CV mode can be calculated by (12) , (25) and (26) . Therefore, the output voltage and current can be estimated by the input DC value. A flowchart of the control method is shown in Fig. 15 . It can be concluded that the proposed controller is simple in terms of structure and easy to operate. According to the control method, the battery reference voltage is 52 V and the minimum battery current is set to 0.9A.
IV. SIMULATION AND EXPERIMENTAL RESULTS
To verify the proposed topology and control method, a 200-W prototype was built. The characteristic parameters of the prototype are listed in Table 2 . Fig. 16(a) shows the converters used in the wireless power transfer system. DSP28335 is used as the main controller. Switches Q 1 -Q 4 (IPB031N08N5) are used in the full bridge inverter, and diodes D 1 -D 4 (DSA30I100PA) are employed for the rectifier. Chroma 63200A is used as the electronic load to simulate the change of the battery equivalent load. Fig. 16(b) shows the primary side and secondary side coils, which are separated by an air gap of 1.5 cm. Litz wire AWG 13 is selected for L P , L S , and L in to eliminate skin and proximity effects. The magnetic material of both primary and secondary coils is PM11 ferrite. A C-C type core is selected for the experiment.
To decrease the influence of the reactive power, the operating frequency usually deviates slightly from the resonance point to realize soft switching with reasonable reactive power. This has the obvious advantages of the operating frequency being constant and independent of the load variation during the CC/CV charging mode. Consequently, the proposed design method is simple in structure and easily ensures the stability of the WPT system. Fig. 17(a) shows the experimental results of the battery output waveforms and the full bridge inverter output waveforms in the CV mode. The output voltage is 52 V and the maximum output power is 200 W. The operating frequency is 149 kHz in the CV mode for soft switching. Fig. 17(b) is the output waveform obtained under load variation. It can be seen that when the output resistance decreases from 13 to 24 , the output power decreases from 200 W to 110 W and the output current decreases from 3.8 A to 2.2 A. The battery output voltage is stable at 52 V even under varying load conditions. As a consequence, the output voltage remains constant to meet the design requirements.
The transient waveforms of the charging mode from CC to CV are given in Fig. 18 . There are some oscillations during the transient switching mode, and it takes around 2 ms to return to the steady state. The output V AB and I AB nearly remains stable after mode switching. Fig. 19 (a) show the output characteristics of the full bridge inverter and the rectifier under the CC condition. The output power is identical with that of the CV mode. From Fig.17 (a) and 19(a), it can be concluded that the inverter can achieve ZVS in CC and CV mode, which agrees well with the theoretical analysis. Fig. 19(b) shows the output waveforms under load variation. It can be seen that when the output resistance increases from 10 to 13 , the output power increases from 110 W to 200 W, the output voltage increases from 38 V to 51 V, and the output current remains constant to meet design requirements.
The output characteristics of the CC/CV mode with multiload variation are shown in Fig. 20. Fig. 20(a) shows the waveforms in the CV mode, where the output current increases from 2.2 A to 3.8 A and then decreases to 0.9 A and the output resistance varies between 13 to 58 . The output voltage is stable at 52 V, confirming that the results are consistent with the CV mode requirements. When operating in the CC mode, as shown in Fig. 20(b) , the output voltage decreases from 51 V to 20 V and then increases to 51 V and the output resistance vary between 5.3 and 13 . The results demonstrate that the battery current is stable at 3.8 A, and the results are consistent with the CC mode requirements. Fig. 21 shows the overall battery charging profile. The charging voltage increases from 20 V to 52 V, and the charging current range is 0.9 A-3.8 A. Fig. 22 shows the overall system efficiency and output power during the entire charging process. It can be concluded that the average efficiency of the CC mode is higher than that of the CV mode. The maximum efficiency of the overall system is 87%. The maximum output power is obtained at the boundary of the CC/CV modes, and the output power varies from 46 W to 200 W.
V. CONCLUSION
This paper proposes a hybrid compensation topology and a CC/CV control method for low-inductive-power transfer systems. To facilitate the analysis, an M model of the LCC-S and PS/S topologies is built and analyzed in detail. Based on the analysis, the CV and CC modes can be realized by using one hybrid topology at two fixed frequencies. Compared with other similar topologies, the proposed topology has smaller components and volume because of the use of only one additional ac switch. Additionally, the proposed control method can achieve CC/CV charging only by the primary controller. The wireless communication problem can be neglected. The proposed topology and control method are verified by simulation and experimental results using a 200-W prototype, and the measured efficiencies, 85% and 87%, in the CC and CV modes, respectively. The results demonstrate that the proposed topology and control method are suitable for low-power wireless charging systems.
